Development of a high specific power, low stowage volume and lightweight solar paddle utilizing highefficiency, thin-film, InGaP/GaAs/InGaAs inverted metamorphic triple-junction solar cell has been completed. The cell exhibits the efficiency of as high as 32% with sufficient radiation resistance. Owing to the high efficiency of the cell, the paddle achieved the specific power of greater than 150 W/kg. Qualification and reliability tests for the cell and paddle were carried out. The results confirmed that both the cell and paddle have enough capability to use them in space. Space demonstration of the paddle is now in preparation.
INTRODUCTION
Solar paddles with high specific power (W/kg) and compact stowage volume have been demanded to meet the requirements of high electrical output power for spacecraft within limited launch volume [1] [2] [3] [4] . We started the development of such solar paddles about a decade ago, and completed the development last year. To realize high specific power, high-efficiency, thinfilm, InGaP/GaAs/InGaAs inverted metamorphic triplejunction (IMM-3J) solar cells have been developed to apply to the solar panels of the paddle. The cells are formed in a thin and flexible cell array structure which is called space solar sheet (SSS) [5] . We completed the development of SSS with InGaP/GaAs dual-junction thin-film (TF-2J) solar cell in 2011 [6] . However, since the efficiency of the TF-2J cell was as low as around 25%, the target specific power of 150 W/kg at paddle level was not realized. In this paper, we introduce the performance of the high specific power solar paddle as well as the IMM-3J solar cells utilized in the paddles. The results of qualification and reliability tests for the cells and paddles are presented. Also, space demonstration test results on the SSS, which are proving high environmental resistance, are shown. In addition, we now have a plan to demonstrate the paddle in space. The details of the plan are explained.
IMM TRIPLE-JUNCTION SOLAR CELL
The IMM-3J thin film solar cells are fabricated by inverted growth of InGaP top-cell, GaAs middle-cell and InGaAs bottom-cell by metal-organic vapour phase epitaxy (MOVPE). The cell layers were mounted on a film with the thickness of 10-20 μm after the removal of GaAs substrates, and then the cell fabrication process was carried out. Two types of IMM-3J space solar cells with different design have been developed. One is Type A which has rather radiation hard design in order the remaining factor of maximum power (Pmax) to be greater than 85% after irradiation of 1 MeV electrons with a fluence of 1×10 15 e − /cm 2 . Meanwhile, the other, Type B, is designed for missions in which high radiation tolerance is not required. Therefore, beginning-of-life (BOL) 2 ) condition. The external quantum efficiency (EQE) of the two types of IMM-3J cell is exhibited in Fig. 3 . The generation current ratio of Type A cell was designed with taking account of the radiation condition (1 MeV electrons, fluence of 1×10 15 e − /cm 2 ). The deterioration of EQE of the InGaAs bottom cell due to the electron irradiation is found to be greater than that of the InGaP top and GaAs middle cells [7] . For Type B cell, we can adopt a current matching design since the current margin for radiation degradation is not required. Thus, Type B cell has an InGaAs bottom cell with wider band gap (lower indium content) compared to Type A cell. As a result, opencircuit voltage (Voc) of Type B cell is about 50 mV higher due to the wider bandgap of InGaAs. In addition, the thickness of the InGaP top cell can be increased because of less current margin for the GaAs middle cell. This results in slightly higher EQE of InGaP top cell of Type B than that of Type A cell. Consequently, shortcircuit current (Isc) of Type B cell increased by 2.7% from that of Type A cell. The radiation resistance of Type A and B IMM-3J cells against 1 MeV electrons are compared in Fig. 4 . For reference, the irradiation data of a current InGaP/GaAs/Ge 3J space solar cell (SHARP #502) are posted in the figure. All the radiation tests were carried Fig. 5 illustrates a schematic of cross-sectional view of the Space Solar Sheet (SSS). The SSS utilizes thin silicon bypass diodes and flat-type interconnectors, both of which were specially designed for SSS. An in-plane stress relief structure is applied to the interconnectors for thermal-cycle reliability. The thin-film IMM-3J cells described above are embedded in transparent silicone adhesive, and the cells and the bas-bar tubs as terminals at the ends of SSS are connected by the interconnectors, forming thin-film solar cell arrays (typically five or six cells in series). The thin silicon bypass diodes are located at the cropped corner of the IMM-3J cells, as seen in the current 3J cell panels, and connected by also specially designed flat-type interconnectors. The surfaces of the arrays are laminated with front and back sheet materials. Two types of pairs of shielding materials are employed for SSSs. One uses transparent polymer films for both sides (film-type SSS), and the other uses thin coverglass (typically 50 μm thick) for the front side and a reinforced carbon fiber sheet for the back side (glasstype SSS). Both are shown in Fig. 6 . Total thickness of the both SSSs is less than 0.2 mm and the specific power is approximately 0.6 W/g for both types of SSSs. Reliability tests were performed for the SSSs to prove the space environment tolerance. The specimens for the reliability tests were sheets with a single string consisting of five IMM-3J cells connected in series. Three specimens were prepared for the respective tests. Tab. 1 depicts the test items and their conditions. The differences in the test condition for film-type and glasstype are based on difference of potential application in space. The acceptance criterion of all the tests is that the change or degradation of power output characteristic parameters, namely, Isc, Voc, maximum power (Pmax), fill factor (FF), voltage at maximum power (Vmp), and current at maximum power (Imp), is within ±2.5%. The test results are also shown in the column next to the test condition in Tab. 1.
QUALIFICATION OF SPACE SOLAR SHEET
As indicated in Tab.1, no significant change in the parameters was observed. In addition no change in appearance, such as discoloration, deformation or crack propagation was confirmed. Therefore, the reliability tests results clearly confirmed that the both types of SSS have sufficient tolerance for space environment. Furthermore, we should mention that the dark lines observed in the electroluminescence (EL) image of the IMM-3J cells which were originally existed before the tests did not influence on output performance of the SSSs throughout the tests. 
LIGHTWEGHT AND COMPACT SOLAR PADDLE
The development of a new lightweight and compact solar paddle using lightweight solar panel with the glass-type SSSs has been completed [8] in 2015.
The lightweight solar panel employs a frame-type structure as shown in Fig. 7 . The SSS is a thin sheet with thin coverglass, typically 50 μm thick, and they are attached on the frame structure like paper. We call this configuration "SHOJI structure" which is a Japanese traditional partition between rooms. The frame is made of a standard aluminium honeycomb but the thickness is as thin as 11 mm. To increase the out-of-plane stiffness of the thin panels, a curved structure is applied, and it prevents SSSs on the panels from cracks generated by vibration or other mechanical shocks. The SSSs are attached to the curved frame by Velcro fasteners. The influence of the curved shape on output power due to oblique incidence on the SSS surface is calculated to be 2 % decrease or less. The engineering model (EM) of the lightweight and compact solar paddle was manufactured for environmental testing. Fig. 8 depicts a schematic of the EM solar paddle. It consists of eight panels, and the size of the panel is 1.75 m × 1.65 m. The weight of the paddle is 40.63 kg. The estimated output power calculated using a cell efficiency of 30% is about 6.5 kW, which results in the specific power of the paddle of about 160 W/kg. The architecture is inherently modular and scalable. For increased power requirements, just the number of the unit panel can be increased. New lightweight hinges, holding/releasing devices and synchronization mechanisms for deployment have been designed, developed and integrated in the EM solar paddle.
TEST RESULTS OF LIGHTWEGHT AND COMPACT SOLAR PADDLE
Various tests were performed for the EM solar paddle to qualify the new design and devices. Most of the panel surface was occupied with the glass-type SSSs without solar cells (dummy sheets), while the real ones with healthy IMM-3J cells were attached for some important areas of the panels. Tab. 2 summarizes the tests, their conditions and the obtained results. The EM solar paddle survived all the tests and the new structure and configuration have been qualified successfully. Fig. 9 posts a photograph of the setting for the vibration tests. Note the compactness of the folded eight panels. The height is around 2/3 compared with the current folding/stowing technology with eight of 25 mm-thick panels.
FLIGHT DEMONSTRATIONS
Currently, the electrical output characteristics (Isc and Voc) of three prototype glass-type IMM-3J SSSs has been collected in orbit as the world-first demonstration of such thin solar panel structure. This demonstration is being performed on the scientific telescope satellite Fig. 11 have already completed successfully. Furthermore, a demonstration test for the lightweight and compact solar paddle is now planned using a small, innovative technology demonstration satellite. A smallsize solar paddle composed of five panels will be manufactured with using the same deployment mechanisms with practical size paddles. Thus, the prior purpose of this demonstration is to examine the function of the developed three-dimensional deployment system.
SUMMARY
Development of a high specific power, low stowage volume and lightweight solar paddle utilizing highefficiency, thin-film, InGaP/GaAs/InGaAs inverted metamorphic triple-junction solar cell has been completed. The cell exhibits the efficiency of as high as 32% with sufficient radiation resistance. Owing to the high efficiency of the cell, the paddle achieved specific power of greater than 150 W/kg. Qualification and reliability tests for the cell, SSSs, and paddle were carried out. The results confirmed that both the cell and paddle have enough capability to apply them in space. Space demonstration of the new paddle is now underway.
